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ABSTRACT
We describe the waveguide properties of the asymmetric dielectric slab formed bv a very hxgh index film on a low index substrate. The^nalysis is appropriate fo^Pb-sal? films grown on fluorite structure substrates. The mode reflectivities, surface '^^i ng i 0SS f' and gain enhancements for the low order TE and TM modes are cor-, sidered. The stronger confinement of the TM modes leads bo larger gain enhancements and largerccattering losses than for the TE modes of the same order! For Se^S I thicknesses of xnterest, 2^ ^ the TE and TM mode reflectivities are comparabTe \ «"v J.^6^6^1 results are presented for thin-film diode lasers made with ^b find^f Lp7 lerS 0ri PtyPe PbTP i indeX 6 '^ erown epit,'xially on BaF. substrates Si *w i; t S^ !" 1Sslon a " c 6 -5 ^-bo to P^sed and cw, is observed at lO-^^K. Well abo.e threshold the spectra generally show two dominant modes spaced by ~ li meV. This splitting is explained by a strain induced shift of th-energy bands if^nr +Z deforma.tion potentials for PbTe the observed splitting leads tTaf est^e -2 x'lO^ of the strain component in the [111] direction normal to the film suriC All o^er-ll^Zll ^.r ^ P 0^ized -^ ^^is is made of the gain and loss parameters at threshold. The optical gain is estimated from the measured current and qSntm effic_ency, while the free carrier a. d reflection losses ar. calculated from the device parameters The remaining losses, which we attribute to surface scattering? can S be estimated from the threshold condition. In evezy .ase the surface scattri! g is tTZ™ t 5^5^ ^ laSer threshold / ^ich is consistent with the sSong preference shown for TE modes. 
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SUMMARY
The general goal of this research is to detemine the feasibility of an integrated optics technology in the infrared based on IV-VI thinfilms grown on fluorite-structure substrates. This materials system has already yielded high-quality photodetectors, lasers, and field-effect transistors. To make useful integrated optical circuits means of waveguidinn, coupling, and beam control must also be demonstrated. The eventual goal of the program will be to consider an integrated thin-film heterodyne receiver employing grating couplers and an injection laser as a local oscillator. Tha primary emphasis during the initial phase of this research has been the development of a theoretical understanding of waveguiding in a very high index film on a low index substrate and the application of this theoiy tc thinrfilm injection lasers. This work will form the basis for subsequent analyses of other waveguide structures or integrated optics devices in these materials. Calculations have been done for a PbTe film, index 6.V, on a BaF 2 substrate, index l.k2. The mode reflectivities at the termination of the guide, the surface scattering losses due to surface imperfections, and the gain (or loss) enhancement associated with intrinsic amplification (or attenuation) in the film are considered for the low order TE and TM modes. The two types of modes have comparable reflectivities for film thicknesses of interest, 2-4 m . The gain enhancement is substantially higher for the TM modes owing to their stronger optical confinement. The surface scattering loss for the TM modes is also higher than for TE modes of the same order. The magnitude of the surface loss, however, depends on an unknown surface roughness parameter a, the variance of the surface height. Recent studies of the epitaxial growth of IV-VI compounds on fluorite structure substrates have shown that fiO.ns of excellent crystalline quality can be achieved.
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These films have yielded high quality infrared detectors 9 and field-effect transistors as well as lasers.
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The primary purpose of this paper is to discuss the light emission and laser characteristics of the thin-film lasers. Since typical film thicknesses are several microns, i.e., on the order of the emission wavelength, the waveguiding properties of the films must be considered in determining the mode preferences and threshold conditions for the lasers. The increased electrical and optical confinement afforded by the thin films 1 I I -kenhances the optical gain significantly over that obtained in bulk devices.
At the same time, however, the cavity losses are increased by the introduction of surface scattering.
In Section II we present an analysis of the properties of the asymmetric dielectric waveguide formed by a high index semiconductor film on a low index substrate. Surface scattering losses, reflection losses, and gain enhancement for the low order TE and IM modes are considered. 
where ß is the propagation constant in the x direction, n. is the refracth tive index of the i medium, E y is the electric field strength (which has only a y component), ^ is the angular frequency, and c is the velocity of light. In our problem, with the refractive index stepwlse constant in all directions, H for TM modes also satisfies Eq. (l).
The solutions result from matching the boundaiy conditions at the dielectric interfaces and solving the resulting eigenvalue equation.
Following Tien, the transverse field components for TE and TM modes can be written in the form:
where z 12 end -z^ are the values of z at the upper and lower surfaces. arctan (^/l^) ,
while for the TM modes we have
00
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where m -0, 1, 2, . . ., i s the mode index. The roots of Eq. {■)) are generally found by numerical techniques. Note that defining the fields by expression (2) requires the position z = 0 be different for each mode.
We show in Fig. 2 plots of the propagation constant ß as a function of the guide thickness d for the first three TE and TIM modes.
The frequency used in these calculations corresponds to a free space wavelength of 6.5 ^m. Also shown as dashed curves are plots of the equa- mmmmmmmammmrmm nNKMMnnni n r 8 -which would describe the solutions for a waveguide with perfectly conducting walls, i.e., no penetration of the fields into the surrounding media. The purpose of these plots is to indicate that for most values of ß the TM modes are very closely fit by Eq. (6) and are, thus, much more strongly confined than the TE modes. This feature leads to important differences in the mode reflectivity and gain enhancement as we will demonstrate in the remainder of this section.
E. Mode Reflectivity
To determine the exact reflectivity of a waveguide mode requires the solution of a difficult boundary value problem, and no attempt at such a solution will be given here. Instead, we will use a physical optics argument to obtain an estimate of the reflectivity. This method is the same as one used previously to estmate the mode reflectivities in doubleheterostructure lasers.
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Our results will differ from that work in two respects: We will use the exact mode profiles in the calculations, rather than a Hermite-Gaussian approximation.; and we will introduce a truncated Fourier transform to take into account the evanescent tails of the modes extending into the surrounding media.
We assume the semiconductor film is terminated with a surface Each Fourier component corresponds to a plane or evanescent wave incident on the film-air boundary at the guide end. The evanescent tails on E (z), however, will net "see" the end of the guide as effectively as the rest of the mode. Tc take this eifect into account; we introduce a truncated transform:
We can now find the reflected fields by multiplying each of these components by the appropriate Fresnel coefficient .?(k ). This method assigns zero reflectivity to the evanescent tails and will probably underestimate the total reflected wave. We expect it to be a very good approximation for large d., and for small d it is a physically reasonable way of treating the mode reflectivities near cutoff. Finally, the amplitude reflectivity r is given by projecting out the original mode from the reflected waves:
The Fresnel coefficient for TE modes is given by
where K. = (n. k -k )'. For the TM modes we replace E (z) by H (z) and Fig. 3 we show computer results for the mode reflectivities of the first two TE and TM modes, calculated usxng Eqs. (7) -(ll). The integrals in Eqs. (7) and (8) It is also of interest to consider the reflectivity of a guide with a nonrectangular end. Films grown by evaporation through a mask will tend to have a tapered edge due to the finite source size and the separation between substrate and mask. We assume this fuzzy edge can be approximated by a plane surface whose normal is in the x-z plane making a small angle v with the x axis.
It is"then a simple matter to modify Eq. (9) 
-
and is easy to apply. In addition, it is the only theory that has been successfully applied to experiments on losses in an optical vrave-.. 12 guide.
To calculate the loss we first decompose the transverse field component inside the guide into two plane waves:
Ohe power in each plane wave is reduced, after a single reflection by the factor exp f-(ii-nn 2 Ocos0 2 /\)s}, where a is the variance of the surface height, assumed to be the same for both surfaces, G = arctan (ß/k ) is the angle of incidence measured from the normal, and \ is the free space wavelength. Using this method one can show that the power attenuation coefficient ^ for both TK and TM modes can be written in the form:
eff (12) where (!"" is given by
The quantity d eff describes the effective spatial extent of a mode in the z direction. The expressions (13) 
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We show in Fi^. 5 the surface scattering Iocs coefficients as a function of film thickness calculated from Eqs. (12) and (15) 
(Ik)
In a waveguide the gain coefficient for a mode will differ from the plane wave result for two reasons: 1. The guided mode can be viewed as t.-Jilng a zig-zag path down the film. This will increase the effective path length and, thus, will increase the gain coefficient. 2. The guided mode has evanescent tails extending into the surrounding passive media. This mode leakage effect will tend to decrease the gain. 
eff,TM These expressions are plot+ed in Fig. 6 for the first two modes.
Note that the TM modes show substantially more gain enhancement than the 
within a cone of half-angle 17° centered roughly 20° from the plane of the substrate is collected and focused onto the entrance slit of a grating spectrometer. This sample orientation provides maximum light collection efficiency. The light at the exit slit is focused onto a Ge:Au liquid lJ 2~c o »conductor. For pulsed operation the current pulses are 2 usec 1j repetition rate of a few kHz and boxcar integration is used. For cw operation the light at the entrance slit is mechanically chopped at 550 Hz and synchronous detection is used.
The importance of using an etching technique to define the laser end reflectors is demonstrated in Fig. 8 . Here we show scanning electron microscope photographs of the cross sections of two laser ends-one prepared as described above, the other defined by a close-spaced evaporation mask. The guide end for the etched sample is normal to the substrate to within the accuracy that we can measure it For the other sample, however, the guide end deviates from normal by an angle v s -5 rad, which would lead to a power reflectivity for a zero order mode several orders of magnitude below that for an ideal end reflector.
Horaially a Schottky barrier diode is a majority carrier device leading to the recombination of majority carriers at the metal surface with little or no light emission. A Pb film on p-t-pe PbTe, however, produces an n-type inversion layer which can lead to electron injection. Hill et al.
have shown that under high forward bias this structure is apparently as efficient at injecting minority carriers as a normal p-n junction.
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This result is consistent with our estimates of the internal quantum efficiency T| for spontaneous emission at low temperature. 10 We find in our devices a value for Tj of about one percent, while the best bulk p-n junc- has been used to interpret emission from PbSe.
22
However, this model predicts a more symmetric lineshape with a substantial tail extending to energies less than the bandgap, which does not give a good fit to our data.
We will, thus, restrict our discussion to the k-conservation model. For
PbTe this model yields the following expression for the total spontaneous emission rate as a function of the energy E: 21 '
where kn e EE m e (rn+ra ) 17 -
I i
; ! and V 'V are the re spect.ive quasi-Fermi levels of the conduction and valence band. The dimensions of r (E) ai-e eV cra~^sec~ . sp
The experimentally observed spectrum 1(E) will be modified by reabscrption. The emission from each increment of volume a distance x from the exit face is attenuated by the factor exp{-ax) } where a is the attenuation coefficient. Integrating over x leads to a lineshape r (E)/cy(E). However, sp r (E) and Q'(E) are related by
At 77 K for the range of carrier concentrations and infection levels we are considering, we find that the 1 in Eq. (20) can be neglected compared with the exponential. Thus, for our experimental conditions, the lineshape is dominated by a simple Boltzmann factor: 1(E) cc e -E/kT (21) Eqs. (I8)and (20) predict a vertical drop in the intensity from its maximum at the band edge. Actually, this corner will be slightly r^onded due to the residual attenuation such as free carrier absorption which does not vanish at this energy.
We show in Fig. 9 an emission spectrum at 77 0 K along with the predicted curve. A better way of presenting the data is shown in Fig. 10 for a different sample where we plot ln(l/l ) vs E above the peak. In peak ^ both cases, the agreement with Eq. (21) ^T^gn^^^p^^^^ nTn.nr^^
for these data have carrier concentrations differing by a factor of three, the emission lineshapes are essentially the same. In order to observe a change in the linewidth with carrier caicentration as was done in the photoluminescence experiments, 9 it is necessary to use higher carrier concentrations and higher injection levels.
It is important to note that the lineshape predicted by Eq. (21) in no way depends on the band parameters or carrier concentrations. In fact it does not distinguish electron from hole recombination. In a previous paper, however, we presented data with the light collected through the BaF 2 substrate normal to the fiLu.
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For that case the reabsorption correction is veiy small since the light has on the average a very short path length through the film. The emission spectrum is broader than it is here . end Eq. ,13) with the appropriate effective mass and carrier concentration must be used to fit the data.
Polarization measurements of the spontaneous emission indicate that both polarizations have identical lineshapes with the TE intensity (E in the plane of the substrate) being about a factor of two larger than the TM intensity. We have not been able to obtain good spontaneous emis-* slon spectra at liquid Ho temperatures. Generally the spectra begin to | show stimulated line narrowing at about the same current levels that produce measurable signals through the spectrometer with sufficient resolution.
-tAit?
- An example of the cw laser emission from one of our annealed samples is shown in Fig. 11 . This device is 2.1; ^m thick with a cavity length L = liOO (jm. The laser threshold is about 30 mA, corresponding to the upper trace in Fig. 11 . The widths of all the lines in the figure are spectrometer resolution limited. The 100 mA trace shows a complicated mode spectrum with seven discernible modes. The four at longer wavelengths show a common mode spacing of ~ 80Ä. The three remaining modes do not appear to show a common spacing. However, if we insert the DO mA peak position into the mode pattern at 100 mA, then we again have a set of four modes with an 80A spacing as indicated by the arrows in Fig. 11 .
Using the mode spacing formula for a plane-wave Fabry-Perot cavity, the effective refractive index n^ = n -x(dn /d X ) corresponding to the data in Fig. 11 would be 6.5. Actually, the different waveguide modes will have different effective indices, and we should take this into to modes with mixed TEM polarization. The only cavity property that strongly favors TE modes is the surface ses-H-^-Hncr Wc -n furiace ocatterxng loss, thus our results would suggest that this loss mechanism is the dominant one in establishing the laser .
threshold.
In most samples we observe two prominent laser lines with a separation large compared with the cavity mode spacing. This feature usually occurs well above threshold and ofcen only -under pulsed conditions. One example is shown by the separation between the two dominant modes in the lower trace in Fig. 11 . Mother example is shown in Fig. 12 . To estimate the difference between the bandgap at (ill) and that at the other three points, we will assume the deformation of the crystal is equivalent to that produced by a stress S applied uniformly in the directions parallel to the (ill) plane. For this stress configuration the strain tensor e/. in the coordinate system with the z' axis in constants in the primed coordinate system. This description is, of course, not exact, since the actual strain will vary over the thickness of the film. In a thin film, however, we can consider the strain values to be averaged over the thickness. Once the strain tensor is known.
26 the shift of any band edge can be determined by AE = D.. e.,• where the iO ij D., are the appropriate components of the deformation potential tensor.
After transforming e/. into the coordinate system with the cubic crystal axes and using the expressions for D. . given by McMullin, ^ we find He finds that at 77 U K ^y «, -3-5 X 10 '• ± 10$, which is fairly
JD
close to the value we would predict from the emission spectra for PbTe.
This result is not surprising, however. Since the thermal expansion coefficients for PbTe and PbSe are nearly equal, we would expect the low temperature strains in the two materials to be similar. Normally Eq. {2h) is written with the current density J on the left and the minority carrier diffusion length on the right. That way of expressing the j vs aiF.J relation is appropriate for a bulk p-n junction with the current flow uniform and normal to the Junction plane.
In our diodes the current flow is non-uniform with components both normal and transverse to the Junction plane. To make the problem tractable we will make two simplifying assumptions: First, we ausume that electron injection occurs predominantly at the edge of the Pb film. This should be a good apprcximaMon at high injection when the junction voltage is large compared with kT/e ; since the voltage drop along the film will substantially reduce the injection away from the Pb edge nearest the Pt contact. Second, we assume that the electron distribution is uniform in the 
where y is the "demerit" factor and AE is a measure of the spontaneous linewidth. We have found that using Y^E = h.} meV in Eq. (25) leads to a value which is always within about 20/. of the value calculated from Eq. (2k) for a particular threshold condition. The quantum efficiency was measured previously to be about one per cent for unannealed samples.
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In Table 1 we show typical threshold data for four PbTe lasers.
The threshold current is determined by examining both the emission spectrum 18.
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